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Abstract: We have previously demonstrated that both the original γ-globin lentiviral vector (LV)
GGHI and the optimized GGHI-mB-3D LV, carrying the novel regulatory elements of the 3D HPFH-1
enhancer and the 3’ β-globin UTR, can significantly increase HbF production in thalassemic CD34+

cells and ameliorate the disease phenotype in vitro. In the present study, we investigated whether
the GGHI-mB-3D vector can also exhibit an equally therapeutic effect, following the transduction of
sickle cell disease (SCD) CD34+ cells at MOI 100, leading to HbF increase coupled with HbS decrease,
and thus, to phenotype improvement in vitro. We show that GGHI-mB-3D LV can lead to high and
potentially therapeutic HbF levels, reaching a mean 2-fold increase to a mean value of VCN/cell
of 1.0 and a mean transduction efficiency of 55%. Furthermore, this increase was accompanied by
a significant 1.6-fold HbS decrease, a beneficial therapeutic feature for SCD. In summary, our data
demonstrate the efficacy of the optimized γ-globin lentiviral vector to improve the SCD phenotype
in vitro, and highlights its potential use in future clinical SCD trials.

Keywords: sickle cell disease; thalassemia; globin gene therapy; γ-globin lentiviral vector; HbF;
HPFH enhancers; -117 HPFH type; CD34+ hematopoietic stem cells

1. Introduction

Sickle cell disease (SCD) is a monogenic disorder caused by a single amino acid
substitution in the β-globin gene (glu(E)6Val(A); GAG→ GTG; rs334), which results in
a multi-organic disease phenotype [1–3]. It is characterized by the polymerization of
deoxygenated sickle hemoglobin (HbS; a2β

S
2), leading to sickle-shaped red blood cells, and

thus, to vaso-occlusion and hemolytic anemia, which are accompanied by organ damage
and painful crisis [4,5]. Patients with SCD have a shortened life span, and suffer from
severe clinical manifestations, such as acute painful episodes, leg ulcers [6,7], osteonecrosis,
chest pain, priapism, stroke, silent cerebral infarction, systemic high blood pressure, and,
less frequently, from sickle vasculopathy [8,9].

The beneficial effect of fetal HbF on SCD outcome becomes apparent as early as
6 months after birth, where high levels of HbF lead to asymptomatic disease. SCD patients
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who continue to produce increased (>20%) γ-globin levels in adult life exhibit a less
severe phenotype [4,10], primarily due to decreased HbS polymerization [8,10]. Therapies
utilizing HbF inducers, such as 5-azacytidine [11,12] and hydroxyurea (HU) [13–15], or
blood transfusion, combined with iron chelation, offer relief to SCD patients [16], as they
alleviate disease symptoms.

Alternative therapeutic approaches, such as gene therapy, can also be curative in SCD,
as reported by Ribeil et al. in a clinical trial where a patient with severe SCD underwent gene
therapy and exhibited a high proportion of anti-sickling hemoglobin post transplant, which
accounted for 45% of the total hemoglobin production [17]. Gene therapy studies utilizing
LVs containing either an anti-sickling βT87Q-globin or γ-globin transgenes was shown to
ameliorate the SCD clinical manifestation either in vivo in SCD mouse models [18–20] or
in vitro using CD34+ cells from SCD patients [21–24]. Additionally, the incorporation of
small hairpin RNA (shRNA) in therapeutic globin LVs, either for simultaneous reduction in
βS transcripts [25] or for down-regulation of the BCL11A expression [26], can lead to SCD
phenotype correction. Furthermore, the role of many miRNAs that bind to transcription
factors such as BCL11A, GATA-1, KLF-1, and MYB, is crucial in reactivating the γ-globin
gene expression [27,28]. To this end, Sankaran et al. showed that there is a delay in silencing
and persistence of fetal hemoglobin coupled with an elevation in embryonic hemoglobin
in newborns, attributed to miR-15a and miR-16-1 directly targeting MYB [29,30]. Finally,
following the gene editing approach, Magis et al. recently managed to successfully correct
the sickle cell mutation in more than 30% of the long-term engrafting hHSCs, using a
high-fidelity Cas9 nucleoprotein (RNP) and a single-stranded oligonucleotide donor [31].
Corrected erythroblasts showed a clear dominance of the corrected allele over null β-
thalassemia alleles produced by non-homologous end joining (NHEJ), demonstrating a
marked survival advantage in vivo [31].

We have previously demonstrated that the original LCR-free, self-inactivating (SIN),
insulated γ-globin lentiviral vector GGHI [32], containing the HPFH-2 enhancer element
(shown to lead to elevated HbF levels [33,34]), the -117 activating HPFH mutation of the
Aγ gene promoter, and the HS-40 enhancer from the α-globin locus [35], led to in vitro
correction of the thalassemic phenotype [32]. The use of the HS-40 enhancer element
instead of the LCR core elements of the β-globin locus was shown to efficiently enhance
the expression of the Aγ-globin gene, and was also associated with high functional titers
and genomic stability [32,34], features that the globin vectors containing several LCR ele-
ments usually lack, while they are prone to genomic rearrangements and trans-activation
of cancer-related genes [36,37]. Furthermore, in the novel, improved GGHI-mB-3D vec-
tor [38], we have incorporated the 3D enhancer element of the naturally occurring HPFH-1
deletion [39,40], along with the β-globin gene 3’ UTR [18], and pseudotyped it with the
alternative BaEVRless envelope glycoprotein [41,42], which resulted in high and stable
HbF expression at low multiplicities of infections (MOIs) in thalassemic CD34+ cells.

Based on the previous successful performance of both vectors in thalassemic CD34+

cells, in this study, we evaluated their ability to correct the SCD phenotype in vitro. To
this end, CD34+ cells from non-mobilized peripheral blood of SCD patients were trans-
duced with the GGHI or GGHI-mB-3D vectors, pseudotyped with the VSVG envelope
glycoprotein. We show that transduction with the optimized GGHI-mB-3D vector leads
to a significant increase in the Aγ/α ratio and HbF, along with a concomitant decrease
in HbS in our patient cohorts, thus demonstrating an increased potential of improving,
as well, the SCD phenotype in vitro compared to GGHI. The above effects were achieved
at a transduction efficiency of 55% and a clinically relevant mean vector copy number
(VCN)/cell of 1.0.

2. Materials and Methods
2.1. Virus Production and Titration

GGHI and GGHI-mB-3D LVs were produced by transient co-transfection of HEK
293T cells using a third-generation lentiviral system [43,44] comprising the following
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plasmids: vector (GGHI or GGHI-mB-3D), packaging plasmids (pMDLg/pRRE and pRSV-
Rev), and envelope plasmids encoding the vesicular stomatitis virus glycoprotein VSVG
(pMD2.VSVG). All accessory plasmids were generously donated by Dr Luigi Naldini (addi-
tional information on these plasmids can be also found at www.addgene.com) (accessed
on 1 December 2022). Virus-containing supernatant was collected at 48 h and 72 h fol-
lowing transfection, as previously described by Papanikolaou et al. [45]. Viral titers were
determined by transducing 5 × 105 mouse erythroleukemia (MEL-585) cells, using serial
dilutions of concentrated virus, followed by their induction to erythroid differentiation
using 10 µM hemin (Sigma-Aldrich, St. Louis, MO, USA) and 3 mM of HMBA (N,N′-
hexamethylene bisacetamide, Sigma-Aldrich, St. Louis, MO, USA). HbF expression was
measured by fluorescence-activated cell sorter scanner (FACS) using an anti-HbF FITC
conjugated monoclonal antibody (BD Biosciences, Franklin Lakes, NJ, USA).

2.2. Human CD34+ Stem Cell Isolation and Transduction: Sample Collection and Processing

We used CD34+ hematopoietic stem cells isolated from five homozygote patients for
SCD (βSβS) and five compound heterozygotes (βSβ+) for SCD and β-thalassemia. All
samples were obtained from non-mobilized peripheral blood and harvested from volunteer
donors, using protocols approved by the Institutional Review Board of the Laiko General
Hospital of Athens, in accordance with the Helsinki declaration of 1975. Informed consent
was obtained from all subjects involved in the study. All samples were obtained shortly
before the next scheduled blood transfusion. CD34+ cells were isolated from mononuclear
cells using an EasySep™ Human CD34 Positive Selection Kit (Stem Cell Technologies,
Cambridge, UK), according to the manufacturer’s instructions. Samples obtained were
>90% enriched with CD34+ cells, and were further cultured for up to 21 days in erythroid
liquid cultures, as described previously [32,38]. Analyses of liquid cultures included high-
performance liquid chromatography (HPLC) and flow cytometry for the assessment of
the Aγ/α ratio, and HbF and HbS production, and flow cytometry for the assessment of
apoptosis using the Annexin V/7-AAD detection kit (BioLegend, San Diego, CA, USA) on
day 20–21. At day 20–21, 105 cells were removed from culture and used for RNA isolation,
as described below. A schematic representation of the experimental procedure is shown in
Figure S1A.

2.3. Reversed-Phase High-Performance Liquid Chromatography (RP-HPLC) Analysis for Globin
Chain Aγ/α Ratio Quantitation

Reversed-phase high-performance chromatography was performed with slight mod-
ification of published methods [46]. In brief, cell material was pelleted at 2000 RCF for
10 min and resuspended in H2O supplemented with 5 mM dithiothreitol at a concen-
tration of 20,000 cells/µL. Following two freeze–thaw cycles and a 10 min centrifuga-
tion at 21,000 RCF at 4 ◦C, the supernatant was transferred to 100-µL HPLC microvials
(Altmann Analytik, Munich, Germany), and 10–30 µL were injected per run. Analyses
were performed on a Prominence HPLC machine with SPD-M20A diode array detector
and LC-20AD pump (Shimadzu, Kyoto, Japan), in combination with a Jupiter 5 µm C18
4.6 mm column and corresponding guard columns (Phenomenex, Torrance, CA, USA)
using an increasing gradient of phase B, i.e., 0.1% trifluoroacetic acid in acetonitrile (Sigma-
Aldrich, St. Louis, MO, USA), against phase A, i.e., 0.1% trifluoroacetic acid (Sigma-Aldrich,
St. Louis, MO, USA) and 6.4 mM sodium hydroxide.

2.4. Hemoglobin Electrophoresis and Cation Exchange HPLC (CE-HPLC) for HbF and HbS
Quantitation

HbF and HbS quantification in βSβ+ samples was performed using the Hydragel-
Hemoglobin(e) K20 kit (SEBIA, Lisses, France) according to the manufacturer’s instructions.
Briefly, 106–107 cells were harvested from liquid cultures on day 20–21 and hemolyzed
using 10–20 µL of hemolyzing solution; 10 µL of the hemolysate was loaded onto a Hy-
dragel K20 application carrier according to the manufacturer’s instructions. HbF and

www.addgene.com
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HbS quantification was performed using QuantityOne software (Bio-Rad, CA, USA) and
densiometric analysis. HbF and HbS quantification in βSβS samples was performed by
CE-HPLC as described previously by Papanikolaou et.al [32].

2.5. RNA Analysis and Measurement of γ-Globin Transcript Levels Using Quantitative Real-Time
PCR

Quantitation of γ-globin transcripts was carried out employing quantitative real-time
PCR (qPCR) using SYBRTM Green mix (Kapa Biosystems, Wilmington, MA, USA), and
performed on a CFX ConnectTM Real-Time System (Bio-Rad, Hercules, CA, USA). For
the quantification of γ-globin production from erythroid cultures, total RNA was isolated
from both mock-transduced and transduced CD34+ cells maintained at day 20–21, using
the RNeasy kit (Qiagen, Germantown, MD, USA) and according to the manufacturer’s
instructions. A quantity of 5–500 ng of total RNA was reverse transcribed to cDNA using
the Superscript First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA, USA),
and 20 ng of c-DNA was subjected to qPCR analysis. Production of γ-globin was measured
using the following primers: gamma F: 5′-GCCATAAAGCACCTGGATGA-3′, and gamma
R: 5′-GATTGCCAAAACGGTCACC-3′. The human α-globin gene was used as a reference
gene using the following primers: alpha-globin F: 5′-CACGCTGGCGAGTATGGTG-3′ and
alpha-globin R: 5′-TTAACCCTGGGCAGAGCCGT-3′. Fold increase in γ-globin mRNA
in transduced and mock-transduced cell populations was calculated using the ∆∆Ct [47]
method. Measurements of human γ-globin mRNA levels were performed in duplicate for
each sample. The amplification was carried out according to the conditions suggested by
the manufacturer.

2.6. Flow Cytometry

Transduced MEL-585 cells were induced towards erythroid phenotype and were
then processed for flow cytometry analysis as previously described [38], using an anti-
HbF FITC-conjugated monoclonal antibody (BD Pharmingen, Franklin Lakes, NJ, USA).
Similarly, CD34+ cells from erythroid cultures were stained with both anti-HbF FITC and
anti-Glycophorin A-PE conjugated monoclonal antibodies (BD Pharmingen, Franklin Lakes,
NJ, USA) and subjected to flow cytometry analysis.

Apoptotic assays were performed on cells derived from erythroid cultures on day
20–21, employing FITC using the Annexin V/7-AAD detection kit with 7-AAD (BioLegend,
San Diego, CA, USA) according to the manufacturer’s instructions. Briefly, cells were
washed twice with cold PBS, containing 1% FBS, and resuspended in Annexin-V Binding
buffer at a concentration of 0.25–1 × 107 cells/mL. Cells were then incubated for 15 min at
room temperature in the dark, and analyzed by flow cytometry within an hour.

All samples were analyzed in a Cytomics FC 500 (CXP) Series Flow Cytometry System
(Beckman Coulter, Nyon, Switzerland). Flow cytometry analysis was performed using
FlowJo 10.8.1 analysis software.

2.7. Determination of Vector Copy Number and Transduction Efficiency

In order to assess the vector transduction efficiency, 10–20 burst-forming units (BFUe)
per patient were subjected to semi-quantitative PCR analysis using the primers gamma
F/R described above. DNA was isolated with the QIAamp DNA Micro Kit (Qiagen, MD,
USA) according to the manufacturer’s instructions. Vector transfer efficiency in CD34+

cells was determined by assessing the proportion of BFUe colonies that tested positive
for vector sequences. Those tested positive for vector-specific sequences were further
subjected to absolute quantitation with qPCR analysis for VCN determination, using the
primers gamma F/R and the hRNAseP primers, as previously described [38]. Analysis
of each sample was performed in duplicate, using SYBRTM Green mix (Kapa Biosystems,
Wilmington, MA, USA) and according to manufacturer’s instructions.



Viruses 2022, 14, 2716 5 of 22

2.8. Statistical Analysis

Repeated-measures ANOVA, followed by post hoc Tukey tests, were used to detect
statistically significant differences among different treatments, and paired two-tailed Stu-
dent’s t-tests for pairwise comparisons, unless stated otherwise. Pearson’s r correlation
coefficient was applied for correlation between values. Statistical analyses were performed
using Prism 9.3.1, IBM SPSS 28, and R 4.0.0 software, while graph creation was conducted
with Prism 9.3.1 software.

3. Results
3.1. GGHI and GGHI-mB-3D LVs Exhibit High Titers

Both GGHI and GGHI-mB-3D LVs exhibited high mean titers; specifically, 1.63 × 108

TU/mL (n = 6) and 1.56 × 108 TU/mL (n = 5), respectively (Figure S1B). No statistical
difference was observed between the mean values of GGHI and GGHI-mB-3D LVs titers
(p = 0.902, unpaired two-tailed t-test).

3.2. Increased Aγ/α Chain Ratio in SCD CD34+ Cells following Transduction with GGHI-mB-3D
Lentiviral Vector

Non-mobilized peripheral blood CD34+ cells from ten SCD patients were isolated
and processed. Five were homozygotes for the sickle cell disease mutation and five were
compound heterozygotes for SCD and β-thalassemia (βSβ+). All patients had four intact
α-globin genes. Typical yields from an initial volume of 20 mL of peripheral blood ranged
from 2 × 105 to 106 CD34+ cells. All patients were receiving HU, and therefore, initial
HbF levels were high, reaching a mean percentage of 68.3 ± 14.2% in erythroid cultures,
as detected by flow cytometry. Baseline levels of HbF and HbS prior to HU treatment are
shown in Figure S2A,B (upper panel).

We initially asked whether both GGHI/VSVG and GGHI-mB-3D/VSVG γ-globin vectors
(Figure 1A), previously tested on CD34+ cells from thalassemia patients [32,38], could increase
the Aγ/α ratio in SCD patients as well. To this end, we isolated CD34+ cells from SCD donors
and cultured them under serum-free conditions for 18 h, dividing them into three cell aliquots;
two subpopulations were transduced with each type of γ-globin vectors for 24 h, while the
third was mock-transduced and served as a control. In both cases, and since our vectors were
both pseudotyped with the conventional VSVG envelope glycoprotein, the MOI used was
100, as described by Papanikolaou et al. [32]. Next day, the cells were washed twice in PBS
and resuspended in erythroid medium, as described in Section 2.

RP-HPLC analysis demonstrated that GGHI-mB-3D-transduced cells led to a highly
significant increase in mean Aγ/α chain ratio (p = 0.02, n = 9) (Figure 1B, left panel);
specifically, from 0.23 ± 0.08 observed in the control to 0.28 ± 0.08 (Table 1), with a mean
difference of 0.056 ± 0.057 (Figure S3A). On the contrary, and under the aforementioned
conditions, GGHI LV failed to do so, leading to a mean Aγ/α ratio of 0.27 ± 0.11 (p = 0.30,
n = 9), as presented in Table 1. However, no statistical difference was observed between
GGHI and GGHI-mB-3D LVs (p = 0.74, n = 9).



Viruses 2022, 14, 2716 6 of 22

0.0

0.1

0.2

0.3

0.4

0.5

A
γ/
α

 ra
tio

Ctrl
GGHI

Ctrl

GGHI-m
B-3D

0.0

0.1

0.2

0.3

0.4

0.5

A
γ/
α

 ra
tio

✱

A

B

Ctrl
GGHI

Ctrl

GGHI-m
B-3D

0.0

0.1

0.2

0.3

0.4

0.5

A
γ/
α

 ra
tio

βSβS

C

βSβ+

Ctrl
GGHI
GGHI-mB-3D

Patient 5

βS

12.3%

A
bs

or
ba

nc
e 

(m
A

U
)

Retention time (min)

βS

17.5%

α
62.9%

Αγ
19.6%

α
61.7%

Αγ
26%

Αγ/α = 0.42
GGHI-mB-3D

Αγ/α = 0.31
Control

Patient 10

A
bs

or
ba

nc
e 

(m
A

U
)

Retention time (min) 

βS

βS

α

α

Αγ

Αγ

Control 
Aγ/α = 0.16

GGHI-mB-3D
Aγ/α = 0.26

10.7%

65.8%

23.5%

22.6%

61.5%

15.9%

Figure 1. In vitro assessment of γ-globin lentiviral vectors (LVs) in SCD CD34+ cells: (A) The structure
and the individual regulatory elements of the GGHI and GGHI-mB-3D LVs shown as proviral elements.
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The grey triangle represents the 398 bp deletion in the cHS4, the black triangle shows the 713 bp
deletion in the Aγ cassette, and the asterisk depicts the -117 point mutation in the Aγ promoter.
(B) Before-and-after plot showing Aγ/α globin chain ratios obtained with RP-HPLC across patients,
prior and post transduction, with GGHI (p = 0.297, n = 9, paired two-tailed t-test) and GGHI-mB-3D
(p = 0.0189, n = 9, paired two-tailed t-test) LVs (left panel). Before-and-after plots showing Aγ/α
globin chain ratios in the βSβS and βSβ+ patient cohort, prior and post transduction, with GGHI and
GGHI-mB-3D LVs (right panel). For βSβS patient cohort GGHI (p = 0. 41, n = 5, paired two-tailed t-test)
and GGHI-mB-3D (p = 0.14, n = 5, paired two-tailed t-test), and for βSβ+ patient cohort GGHI (p = 0.45,
n = 4, paired two-tailed t-test) and GGHI-mB-3D (p = 0.12, n = 4, paired two-tailed t-test). (C) RP-HPLC
chromatograms from Patient 5 (left panel) and Patient 10 (right panel). Percentages shown are relative
to the sum of the highlighted peaks. Each dot corresponds to each patient. * p ≤ 0.05.

When patients were divided according to genotype, transduction of βSβS and βSβ+

cohorts with both GGHI and GGHI-mB-3D LVs showed a trend, but not a statistically sig-
nificant increase. Specifically, as shown in Figure 1B (right panel) and Table 2, transduction
with the GGHI-mB-3D lentiviral vector led to a Aγ/α ratio increase from 0.18 ± 0.06, ob-
served in the mock-transduced cells, to 0.23± 0.03 (p = 0.14, n = 5), while the corresponding
value post transduction with GGHI was 0.24 ± 0.14 (p = 0.41, n = 5). Mean Aγ/α ratio
achieved by GGHI and GGHI-mB-3D LVs did not test significantly different (p = 0.86, n = 5).
In the case of the compound heterozygote βSβ+ patient cohort, the majority of patients
showed an increase in the Aγ/α ratio post transduction, with GGHI-mB-3D reaching a
mean 0.35 ± 0.06 compared to 0.29 ± 0.06 seen in mock-transduced cells (p = 0.12, n = 4)
and GGHI 0.31 ± 0.08 (Figure 1B, right panel, Table 3). Figure 1C shows RP-HPLC chro-
matograms of representative experiments, and specifically, βSβS SCD Patient 5 and βSβ+

SCD Patient 10, prior and post transduction, with GGHI-mB-3D. Transduction with the
aforementioned LV led to a Aγ/α ratio increase from 0.16 to 0.26 in Patient 5 (Figure 1C,
left panel), and from 0.31 to 0.42 in Patient 10 (Figure 1C, right panel).

3.3. Increased Percentage of F-Cells following Transduction with GGHI-mB-3D Lentiviral Vector

The progression of differentiation in liquid cultures was assessed at day 20–21 by flow
cytometry, using anti-HbF and anti-CD235a antibodies. Cells stained positive for both
markers will be referred to as F-cells from this point onwards. Summarized results of F-cell
percentages are depicted in Tables 1–3. Flow cytometry and repeated-measures ANOVA
showed that transduction of only the βSβS cohort with both GGHI and GGHI-mB-3D LVs
leads to statistically significant increase in F-cell percentage (F (2,12) = 5.81, p = 0.028). MFI
did not test significantly different between samples. More specifically, and regarding F-cells
in the βSβ+ cohort (Figure 2A), there was no significant increase following transduction
with GGHI (p = 0.746, n = 5) or GGHI-mB-3D (p = 0.758, n = 5), while in the case of βSβS

patients (Figure 2B), both vectors led to significant increase in F-cells. Transduction with
either GGHI or GGHI-mB-3D led to 73 ± 4.5% and 73 ± 4.8% of F-cells, respectively (mean
difference between GGHI and Ctrl of 3.9 ± 2.87, and between GGHI-mB-3D and Ctrl of
3.98 ± 3.12, Figure S3A), compared to 69 ± 5.7% observed in the control (p = 0.038 and
p = 0.046, n = 5, respectively). Mean F-cell increase did not exceed 6% for both vectors
(Figure 2B, right panel). In the representative experiment of Patient 5, GGHI led to 74.1%
of F-cells and GGHI-mB-3D to 77.1%, compared to 68.4% seen in the control (Figure 2C,
Tables 1 and 2). Erythroid differentiation in βSβS liquid cultures (days 20–21), exceeded
90% as measured by CD235a expression, demonstrating no statistical difference prior and
post transduction, either with GGHI (p = 0.27, n = 5) or GGHI-mB-3D (p = 0.22, n = 5)
LVs (Figure 2D (left panel) and Figure S2C). Figure 2D (right panel) shows representative
percentages of CD235a expression Patient 5 at the end of differentiation.
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Figure 2. Increased production of F-cells in βSβS SCD CD34+ cells: (A) Before-and-after plot showing
F-cell percentages before and after transduction of βSβ+ SCD CD34+ cells with GGHI (p = 0.746, n = 5,
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paired two-tailed t-test) and GGHI-mB-3D (p = 0.758, n = 5, paired two-tailed t-test) LVs at MOI
100. (B) Before-and-after plot showing F-cell percentages before and after transduction of βSβS

SCD CD34+ cells with GGHI (p = 0.038, n = 5, paired two-tailed t-test) and GGHI-mB-3D (p = 0.046,
n = 5, paired two-tailed t-test) LVs at MOI 100 (left panel), and bar chart showing the percentage of
F-cell mean increase (p = 0.983, n = 5, unpaired two-tailed t-test)(right panel). (C) Representative
flow cytometry profiles showing F-cell percentages in βSβS Patient 5. (D) CD235a expression
at the end of in vitro differentiation (days 20–21) in the βSβS patient cohort. Mean percentage
of CD235a expression was above 90%; specifically, 94.12 ± 4.89, 96.80 ± 1.02, and 97.04 ± 0.88
in mock-transduced, GGHI-transduced, and GGHI-mB-3D-transduced samples, respectively (left
panel). No statistical differences were observed between mock-transduced, and GGHI- and GGHI-
mB-3D-transduced samples (p = 0.27 and p = 0.22, respectively, n = 5, unpaired two-tailed t-test).
Representative flow cytometry profiles of CD235a expression in Patient 5 (right panel). Each dot
corresponds to each patient. Error bars represent ±SD, * p ≤ 0.05.

3.4. Improvement in the SCD CD34+ Cell Phenotype In Vitro following Transduction with
GGHI-mB-3D Lentiviral Vector

Due to the HU treatment received by all patients, and hence, to elevated levels in the
majority of patients, reliable anti-sickling tests, as previously demonstrated by Urbinati
et al. [22], could not be performed. Therefore, in order to demonstrate a potential phe-
notype improvement following transduction with our lentiviral vectors, we performed
Hb electrophoresis/CE-HPLC, aiming to document an HbS decrease, and a concomitant
HbF increase, following transduction. Repeated-measures ANOVA showed significant
HbS differences between treatments (F(2,24) = 3.74, p = 0.046) and across all patients. Over-
all, and as it can be seen in Figure 3A (left panel), transduction with GGHI-mB-3D LV
only, led to a marked decrease in HbS. Specifically, the mean HbS percentage reached
41.9 ± 12.3%, compared to 46.6± 8.9% observed in mock-transduced cells (p = 0.022, n = 9),
with a mean difference of −4.66 ± 4.94 (Figure S3A), The above decrease was followed
by a concomitant HbF increase (Figure 3A, right panel), reaching 37 ± 27% compared to
33 ± 25% in mock-transduced cells (p = 0.023, n = 9), with a mean difference of 4.47 ± 4.76
(Figure S3A). Transduction with GGHI LV led to a marginal effect, with the mean HbS and
HbF percentages post transduction reaching 43.1 ± 11.8% (p = 0.053, n = 9) and 35.3 ± 27%
(p = 0.091, n = 9), respectively.

Regarding the βSβS cohort, the percentage of HbS did not test significantly different by
repeated-measures ANOVA (F(2,3) = 0.338, p = 0.73). Specifically, transduction with GGHI-
mB-3D led to a mean HbS percentage of 51.4 ± 5.2%, compared to 52.7 ± 6.6% observed
in the control (p = 0.23, n = 4), while the corresponding mean HbS percentage achieved by
GGHI was 52.95 ± 9.9% (p = 0.91, n = 4) (Figure 3B, left panel and Table 2). As expected, HbF
showed a small increase, without statistical significance, following GGHI and GGHI-mB-3D
transduction (p = 0.79 and p = 0.33, respectively, n = 4) (Figure 3B, right panel).

Interestingly, however, in the βSβ+ patient cohort, both GGHI and GGHI-mB-3D LVs
led to a significant reduction in HbS percentage, as demonstrated by repeated-measures
ANOVA (F(2,12) = 5.48, p = 0.03); particularly 35.2 ± 5.5% in the case of GGHI (p = 0.005,
n = 5) (mean difference between GGHI and Ctrl of -6.42 ± 2.54, Figure S3B) and 34.3 ± 11%
in the case of GGHI-mB-3D (p = 0.03, n = 5) (mean difference between GGHI-mB-3D and Ctrl
of −7.33 ± 5.15, Figure S3B), compared to 41.6 ± 7.5% observed in the control (Figure 3C,
left panel and Table 3). Regarding the HbF levels following transduction with GGHI and
GGHI-mB-3D LVs (Figure 3C, right panel), both exhibited a marginally significant increase,
reaching a mean of 55 ± 17% and 57 ± 20% (mean difference between GGHI and Ctrl of
4.40 ± 3.82, and GGHI-mB-3D and Ctrl of 5.93 ± 4.84, Figure S3B), compared to 51 ± 18%
in mock-transduced cells (p = 0.062 and p = 0.052, respectively, n = 5).

Regarding the effects on apoptosis following vector transduction, no differences were de-
tected between mock-transduced and transduced cells in both patient cohorts.
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Table 1. Detailed results from all patients.

Sample Genotype Mutation Source F-Cells
(FACS)

Aγ/α Ratio
(RP-HPLC)

HbS Decrease
(%)

TSD Efficiency
(%)

Mean
VCN/Cell

Relative Fold
Difference
of γ-mRNA
Transcripts

Ctrl GGHI GGHI-
mB-3D Ctrl GGHI GGHI-

mB-3D GGHI GGHI-
mB-3D GGHI GGHI-

mB-3D GGHI GGHI-
mB-3D GGHI GGHI-

mB-3D

#4 βSβS HbS/HbS PB 66.3 69.1 71.1 0.21 0.11 0.24 0 3.3 20 20 0.8 0.4 1.04 1

#5 βSβS HbS/HbS PB 68.4 74.1 77.1 0.16 0.46 0.26 8 0 - - - - 0.93 0.76

#6 βSβS HbS/HbS PB 63.5 71.5 67.1 0.25 0.24 0.23 3.6 0.7 20 30 0.3 0.8 1.15 1.28

#7 βSβS HbS/HbS PB 78.6 80.2 78.9 0.17 0.15 0.19 0 6 100 100 1.7 1.9 - -

#8 βSβS HbS/HbS PB 68.5 69.9 71 0.09 0.25 0.24 - - 56 90 0.4 0.9 1.19 0.79

#9 βSβ+ HbS/
IVS1-110 PB 81.9 84.5 71.5 0.21 0.23 0.29 20 0 30 10 0.3 0.6 - -

#10 βSβ+ HbS/
IVS1-110 PB 59.1 53.4 60.6 0.31 0.31 0.42 15.3 20.5 33.3 35.3 1.8 2.8 1.06 1.09

#11 βSβ+ HbS/
IVS1-110 PB 43.6 45.3 43.8 0.30 0.28 0.30 17.8 11.7 100 100 0.8 0.5 1.29 1.34

#12 βSβ+ HbS/
IVS1-1 PB 33.2 18.4 44.3 0.35 0.42 0.38 10.9 29.5 66.7 66.7 0.4 0.5 0.56 0.78

#13 βSβ+ HbS/
IVS1-110 PB 76.9 86 80.2 - - - 11.1 36 37.9 44.4 1.5 1.0 1.06 0.95

Average 64 65 67 0.23 0.27 0.28 9.6 12 52 55 0.89 1.04 1.03 0.999

p-value 0.59 0.19 0.30 0.02 0.66 0.82 0.65 0.75

Note: Dashes indicate that the relevant assays were not conducted due to limited number of cells; PB, peripheral blood; TSD, transduction; VCN, vector copy number; RP-HPLC,
reversed-phase HPLC.
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Table 2. Detailed results from βSβS patients.

Sample Genotype Mutation F-Cells
(FACS)

Aγ/α Ratio
(RP-HPLC)

HbS
(%)

HbF
(%)

TSD Efficiency
(%) Mean VCN/cell

Relative Fold
Difference of
γ-mRNA

Transcripts

Ctrl GGHI GGHI-
mB-3D Ctrl GGHI GGHI-

mB-3D Ctrl GGHI GGHI-
mB-3D Ctrl GGHI GGHI-

mB-3D GGHI GGHI-
mB-3D GGHI GGHI-

mB-3D GGHI GGHI-
mB-3D

#4 βSβS HbS/HbS 66.3 69.1 71.1 0.21 0.11 0.24 55.4 57.3 53.6 4.8 3.2 13.3 20 20 0.8 0.4 1.04 1

#5 βSβS HbS/HbS 68.4 74.1 77.1 0.16 0.46 0.26 51.1 47 51.5 10.7 8.1 10.4 - - - - 0.93 0.76

#6 βSβS HbS/HbS 63.5 71.5 67.1 0.25 0.24 0.23 44.5 42.9 44.2 18.7 25.5 22.8 20 30 0.3 0.8 1.15 1.28

#7 βSβS HbS/HbS 78.6 80.2 78.9 0.17 0.15 0.19 59.9 64.6 56.3 6.3 6.2 4.6 100 100 1.7 1.9 - -

#8 βSβS HbS/HbS 68.5 69.9 71 0.09 0.25 0.24 - - - - - - 56 90 0.4 0.9 1.19 0.79

Average 69 73 73 0.18 0.24 0.23 52.7 53 51.4 10.13 10.75 12.78 49 60 0.8 1 1.08 0.96

p-value 0.038 0.046 0.41 0.14 0.91 0.23 0.79 0.33 0.71 0.67 0.41

Note: Dashes indicate that the relevant assays were not conducted due to limited number of cells; PB, peripheral blood; TSD, transduction; VCN, vector copy number; RP-HPLC,
reversed-phase HPLC.
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Table 3. Detailed results from βSβ+ patients.

Sample Genotype Mutation F-Cells
(FACS)

Aγ/α Ratio
(RP-HPLC)

HbS
(%)

HbF
(%)

TSD Efficiency
(%)

Mean
VCN/Cell

Relative Fold
Difference of
γ-mRNA

Transcripts

Ctrl GGHI GGHI-
mB-3D Ctrl GGHI GGHI-

mB-3D Ctrl GGHI GGHI-
mB-3D Ctrl GGHI GGHI-

mB-3D GGHI GGHI-
mB-3D GGHI GGHI-

mB-3D GGHI GGHI-
mB-3D

#9 βSβ+ HbS/
IVS1-110 81.9 84.5 71.5 0.21 0.23 0.29 44.01 35.19 44.86 55.97 64.81 55.14 30 10 0.3 0.6 - -

#10 βSβ+ HbS/
IVS1-110 59.1 53.4 60.6 0.31 0.31 0.42 42.45 35.96 33.77 36.77 36.92 42.53 33.3 35.3 1.8 2.8 1.06 1.09

#11 βSβ+ HbS/
IVS1-110 43.6 45.3 43.8 0.30 0.28 0.30 50.50 41.50 44.60 28.90 36.40 33.00 100 100 0.8 0.5 1.29 1.34

#12 βSβ+ HbS/
IVS1-1 33.2 18.4 44.3 0.35 0.42 0.38 41.40 36.90 29.20 58.70 63.10 70.80 66.7 66.7 0.4 0.5 0.56 0.78

#13 βSβ+ HbS/
IVS1-110 76.9 86 80.2 - - - 29.70 26.40 19.00 72.50 73.60 81.00 37.9 44.4 1.5 1.0 1.06 0.95

Average 59 58 60 0.29 0.31 0.35 41.61 35.19 34.29 50.57 54.97 56.49 54 51 0.96 1.1 0.99 1.04

p-value 0.75 0.76 0.45 0.12 0.005 0.03 0.062 0.052 0.91 0.83 0.82

Note: Dashes indicate that the relevant assays were not conducted due to limited number of cells; PB, peripheral blood; TSD, transduction; VCN, vector copy number; RP-HPLC,
reversed-phase HPLC.
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Figure 3. Phenotypic improvement in SCD cells in vitro following transduction with GGHI-mB-3D LV
at MOI 100: (A) Before-and-after plots showing mean percentage of HbS (left panel) and HbF (right
panel) obtained with hemoglobin (Hb) electrophoresis/CE-HPLC across all SCD patients, prior and
post transduction, with GGHI (p = 0.053 and p = 0.091, respectively, n = 9, paired two-tailed t-test) and
GGHI-mB-3D (p = 0.022 and p = 0.023, respectively, n = 9, paired two-tailed t-test) LVs. (B) Scatter plots
showing mean percentage of HbS (left panel) and HbF (right panel), prior and post transduction, with
GGHI (p = 0.91 and p = 0.79, respectively, n = 4, paired two-tailed t-test) and GGHI-mB-3D (p = 0.23 and
p = 0.33, respectively, n = 4, paired two-tailed t-test) LVs in the βSβS patient cohort. (C) Scatter plots
showing mean percentage of HbS (left panel) and HbF (right panel), prior and post transduction, with
GGHI (p = 0.005 and p = 0.062, respectively, n = 5, paired two-tailed t-test) and GGHI-mB-3D (p = 0.03
and p = 0.052, respectively, n = 5, paired two-tailed t-test) LVs in the βSβ+ patient cohort. Each dot
corresponds to each patient. Error bars represent ±SD, * p ≤ 0.05, ** p ≤ 0.01.
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3.5. Gene Transfer Efficiency and Vector Copy Number in Transduced BFUe from SCD Patients

In order to determine LV transduction efficiency, we plated CD34+ cells derived
from both βSβS or βSβ+ patients that were either transduced with GGHI or GGHI-mB-3D
or mock-transduced, in methylcellulose semi-liquid medium for colony-forming assays;
10–20 individual BFUe per patient were analyzed in each experiment by colony PCR scor-
ing and using primers for vector-specific sequences. Gene transfer efficiency of the LVs
in the CD34+ progenitors was determined by assessing the proportion of BFUe colonies
that tested positive for vector sequences. As shown in Figure 4A (left panel) and Table 1,
the mean transduction efficiencies for GGHI and GGHI-mB-3D were similar, i.e., 52 ± 32%
(median 38%) and 55± 35% (median 44%), respectively (p = 0.82, n = 9, unpaired two-tailed
t-test). The clonogenicities of both mock- or γ-globin-vector-transduced CD34+ cells were
similar. Furthermore, the VCN/cell was calculated for each LV-positive BFUe from each
patient, and then a mean value was extracted from all BFUe for each patient. The average
VCN for GGHI-transduced cells was 0.89 ± 0.62 (median 0.8), with a range of 0.3 to 1.8,
while for GGHI-mB-3D, it was 1.04 ± 0.8 (median 0.8), with a range of 0.4 to 2.8 (p = 0.65,
n = 9, unpaired two-tailed t-test) (Figure 5A right panel and Table 1).

Transduction efficiency and VCN in the βSβS and βSβ+ patient cohorts are shown in
Figure 4B,C and Tables 2 and 3. More specifically, transduction efficiency achieved by GGHI
and GGHI-mB-3D LVs in βSβS patients was 49 ± 38% and 60 ± 41%, respectively (p = 0.71,
n = 4, unpaired two-tailed t-test) (Figure 4B, left panel and Table 2), while mean VCN/cell
was 0.8 ± 0.64 (median 0.6, with a range 0.3–1.7) for GGHI and 1 ± 0.66 (median 0.85, with a
range 0.4–1.9) for GGHI-mB-3D (p = 0.67, n = 4, unpaired two-tailed t-test) (Figure 4B, right
panel and Table 2). Transduction efficiency achieved by GGHI and GGHI-mB-3D LVs in the
βSβ+ cohort reached 54± 30% and 51± 34%, respectively (p = 0.91, n = 5, unpaired two-tailed
t-test) (Figure 4C, left panel and Table 3), while mean VCN/cell was 0.96 ± 0.67 (median 0.8,
with a range 0.3–1.8) and 1.1 ± 0.98 (median 0.6, with a range 0.5–2.8), respectively (p = 0.83,
n = 5, unpaired two-tailed t-test) (Figure 4C, right panel and Table 3).

3.6. γ-Globin mRNA Analysis Using Quantitative Real-Time PCR

Quantification of γ-globin production from SCD erythroid cultures showed that
γ-globin mRNA is not increased significantly following transduction either with GGHI
or GGHI-mB-3D lentiviral vectors at MOI 100. Specifically, we observed a mean relative
fold difference of 1.03 and 0.999 (p = 0.75, n = 8, unpaired two-tailed t-test) in our patient
cohorts, following transduction either with GGHI or GGHI-mB-3D, with the greatest in-
crease observed in Patient 11 (Table 1 and Figure S4A). When βSβS and βSβ+ patients were
analyzed separately, we failed again to detect a mean increase in γ-globin at the mRNA
level, as a result of transduction with either LV, with mean relative fold difference levels
in both cases to be around 1. Specifically, in βSβS patients, the relative fold difference
of γ-globin transcript was calculated 1.08 for GGHI and 0.96 for GGHI-mB-3D (p = 0.41,
n = 4, unpaired two-tailed t-test), as shown in Table 2 and Figure S4B (left panel), while
for the βSβ+ patient cohort it was 0.99 and 1.04 (p = 0.82, n = 4, unpaired two-tailed t-test),
respectively (Table 3 and Figure S4B, right panel).
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Figure 4. Transduction efficiency and VCN/cell demonstrated by γ-globin LVs in SCD CD34+ cells:
(A) Scatter plots showing mean percentage of transduction efficiency (left) and mean VCN/cell/patient
(right) across all patients and following transduction with GGHI and GGHI-mB-3D LVs at MOI 100.
GGHI leads to 52 ± 31.5% and GGHI-mB-3D to 55 ± 35% transduction efficiency (p = 0.82, n = 9,
unpaired two-tailed t-test). Mean VCN/cell/patient for GGHI and GGHI-mB-3D is 0.89 ± 0.62 and
1.04 ± 0.8, respectively (p = 0.65, n = 9, unpaired two-tailed t-test). (B) Scatter plots showing mean
percentage of transduction efficiency (left) and mean VCN/cell/patient (right) in the βSβS patient cohort
and following transduction with GGHI and GGHI-mB-3D LVs at MOI 100. GGHI leads to 49 ± 38%
and GGHI-mB-3D to 60 ± 40.82% transduction efficiency (p = 0.71, n = 4, unpaired two-tailed t-test).
Mean VCN/cell/patient for GGHI and GGHI-mB-3D is 0.8 ± 0.64 and 1± 0.66, respectively (p = 0.67,
n = 4, unpaired two-tailed t-test). (C) Scatter plots showing mean percentage of transduction efficiency
(left) and mean VCN/cell/patient (right) in the βSβ+ patient cohort and following transduction with
GGHI and GGHI-mB-3D LVs at MOI 100. GGHI leads to 54 ± 30% and GGHI-mB-3D to 51 ± 34%
transduction efficiency (p = 0.91, n = 5, unpaired two-tailed t-test). Mean VCN/cell/patient for GGHI
and GGHI-mB-3D is 0.96 ± 0.67 and 1.1 ± 0.98, respectively (p = 0.83, n = 5, unpaired two-tailed t-test).
Each dot corresponds to each patient. Error bars represent ±SD.
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Figure 5. HbF and HbS fold difference in βSβS and βSβ+ SCD patients, post transduction: (A) Bar
chart showing HbS fold decrease (left) and HbF fold increase (right) in βSβS patients following
normalization to mean VCN/cell/patient; nc, not conducted. (B) Bar chart showing HbS fold
decrease (left) and HbF fold increase (right) in βSβ+ patients following normalization to mean
VCN/cell/patient.

4. Discussion

In this study, we used the previously characterized γ-globin lentiviral vector GGHI [32]
and the novel optimized GGHI-mB-3D [38], both successfully assessed using thalassemic
CD34+ cells [32,38], and investigated whether they can also improve or correct the SCD
phenotype in vitro. We show that the optimized GGHI-mB-3D vector can significantly increase
the Aγ/α ratio and HbF percentage in the SCD patient cohort, and lead to significant HbS
reduction, at an average VCN of 1.0, calculated per diploid genome. This value represents the
ideal target range of VCN per cell for LV-based thalassemia gene therapy [48]. Application of
the Pearson’s r test across all patients showed very good correlation between normalised HbS
fold decrease and normalized Aγ/α ratio (r = 0.9) or HbF fold increase (r = 0.7).

Specifically, results from RP-HPLC regarding Aγ/α ratio fold increase, and following
normalization to VCN (Figure S5), show that four out of eight patients (Patient 5 was not
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included) designated as Patients 4, 8, 9, and 12 exhibited a >2-fold increase following trans-
duction with GGHI-mB-3D. Overall, transduction with GGHI-mB-3D led to an average Aγ/α
ratio fold increase of 1.81 ± 0.97 (n = 8) following normalization to VCN. The highest increase
was observed in Patient 8, who led to a corrected Aγ/α increase of 2.96-fold. Interestingly,
despite the achieved maximum Aγ/α ratio fold increase in Patient 8, this was not associated
with a similar increase in transduction efficiency and VCN/cell (mean transduction efficiency
90% and VCN/cell 0.9). Pearson’s r test showed poor positive correlation between Aγ/α ratio
fold increase and transduction efficiency (r = 0.16) and negative correlation between the former
and VCN (r = −0.002). The above results suggest that expression from GGHI-mB-3D is not
entirely dependent on the vector per se, but may also be influenced by the site of integration,
an observation also reported by Drakopoulou et al. [38].

Despite the significant increase in the Aγ/α ratio observed with RP-HPLC, we did not
detect a reciprocally lower βS/α ratio, following transduction with GGHI-mB-3D lentiviral
vector (p = 0.226, n = 9). This may possibly be due to the restriction of the RP-HPLC analyses
to the soluble populations of globin chains. To circumvent the above findings, and in order
to demonstrate a potential therapeutic effect of GGHI-mB-3D and/or of GGHI, we per-
formed hemoglobin electrophoresis or CE-HPLC analysis of lysates from mock-transduced
and transduced erythroid cultures and assessed HbS and HbF expression. As expected,
GGHI-mB-3D LV led to a significantly lower HbS compared with control, demonstrating a
mean fold decrease of 1.643 ± 0.88 and a 2.09 ± 2.09 mean HbF fold increase, following
normalization to VCN. The respective values for GGHI were 1.890 ± 1.40 and 1.92 ± 1.59.

Following patient classification according to genotype, GGHI-mB-3D failed to demon-
strate a marked in vitro improvement in the βSβS patients, suggesting higher HbF require-
ments for in vitro phenotypic correction in the specific patient cohort, as one would also
predict from the high HbS levels before and after HU treatment in the specific patient cohort
(Figure S2A,B and Tables 2 and 3). Mean HbS fold decrease following normalization to VCN in
the specific cohort was 1.46± 1.03 (n = 3), with the maximum value observed in Patient 4 who
exhibited a 2.58-fold HbS decrease (Figure 5A, left panel), demonstrating also the maximum,
i.e., 6.92-fold HbF increase (Figure 5A, right panel). On the contrary, transduction of βSβ+

cells with GGHI-mB-3D led to a 1.75 ± 0.89 (n = 5) mean HbS fold decrease and 1.57 ± 0.83
(n = 5) mean HbF fold increase, following normalization to VCN. Out of five βSβ+ patients,
transduction with GGHI-mB-3D led to HbS decrease in four patients, with the highest value
observed in Patient 12, who exhibited a HbS decrease of 2.84-fold (Figure 5B, left panel), also
showing the highest, i.e., 2.41-fold, HbF increase (Figure 5B, right panel). Pearson’s r test
showed moderate positive correlation between transduction efficiency and normalized HbS
fold decrease (r = 0.56) and normalized HbF fold increase (r = 0.59).

Regarding the GGHI vector in the βSβS patient cohort, the mean HbS fold decrease
following normalization to VCN reached 1.74 ± 1.53, showing no statistical significance.
The most profound effect was demonstrated by Patient 6, who demonstrated a 3.46-fold
HbS decrease (Figure 5A, left panel), also showing the highest, i.e., 4.55-fold, HbF increase
(Figure 5A, right panel). On the contrary, and in the case of βSβ+ patients, the mean HbS
fold decrease and HbF fold increase were 1.98 ± 1.5 and 1.87 ± 1.4, respectively, (n = 5),
both following normalization to VCN. Pearson’s r test showed no positive correlation
between transduction efficiency and normalized HbF fold increase (r = −0.03) or HbS fold
decrease (r = −0.09).

With regards to the γ-globin mRNA levels (Figure S4), despite the marked HbF in-
crease observed following transduction with GGHI, and, most importantly, with GGHI-mB-
3D γ-globin LVs, we failed to demonstrate a marked mean increase in γ-globin transcripts
relative to α-globin. The latter is in contrast with Urbinati et al. [22], in SCD cells, who
showed that the γ-globin lentiviral vector V5m3-400 managed to increase γ-globin tran-
scripts by more than 7-fold. However, this finding was based on a rather small number of
three patients, while in our series we investigated a more representative cohort of eight
informative patients (Patients 7 and 9 were not included due to limited cell number). We
also managed to detect a small increase in at least three patients; specifically, Patients
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6, 8, and 11, who showed the highest increase following transduction with GGHI, and
Patients 6, 10, and 11, who showed increased γ-globin transcripts following transduction
with GGHI-mB-3D LV. Most patients with increased γ-globin mRNA levels, displayed a
concomitant HbF increase. A possible explanation for not detecting a similar high γ-globin
increase at the mRNA level, as Urbinati et al. noted, could be attributed to the late sam-
pling for RNA isolation. Compared to Urbinati et al. [22], we carried out RNA isolation
1 week later during erythroid differentiation, i.e., at day 20–21 instead of day 14, which
may have resulted in the underestimation of expression of vector-derived γ-globin mRNA.
As documented elsewhere [49,50], in vitro erythroid differentiation partially recapitulates
ontogenesis and hemoglobin switching for ES-derived [49], as well as for adult peripheral
blood CD34+-derived progenitors [50], with a shift to the contribution of embryonic to
fetal and then to adult globin chains on the background of an overall increasing globin
expression during erythroid differentiation. Since both the vector-derived Aγ gene and the
endogenous one share identical cis-acting sequences, and thus undergo the same transcrip-
tional regulation, it is conceivable that an endogenous fetal to adult switch from γ-globin
to β-globin and/or βS at late stages of erythroid differentiation would result in relatively
lower γ-globin mRNA levels and a higher overall βS contribution.

Regarding the differences between the GGHI and GGHI-mB-3D performance, despite
the significant Aγ/α ratio and HbF increase, as well as the HbS decrease demonstrated only
by GGHI-mB-3D LV compared to mock-transduced cells, we did not observe significant
differences between the former and GGHI, possibly due to extensive variation among patient
samples, an observation also documented in a previous study by Drakopoulou et al. [38].

In line with our previous observations in thalassemia patients, and of others in SCD
patients [22], the mean VCN calculated for GGHI and GGHI-mB-3D lentiviral vectors was
around 1.0 (p = 0.65, n = 9, unpaired two-tailed t-test), reflecting a near-ideal value for a
clinical setting and a potentially therapeutic outcome, as reported by Kanter et al. [51].
VCN achieved among the βSβS and βSβ+ patient cohorts did not test significantly different
between GGHI (p = 0.51, n = 4, unpaired two-tailed t-test) and GGHI-mB-3D (p = 0.66, n = 4,
unpaired two-tailed t-test) LVs. With regards to transduction efficiency, GGHI and GGHI-
mB-3D both achieved an overall gene transfer of 52% and 55%, respectively (p = 0.82, n = 9,
unpaired two-tailed t-test). Again, no significant differences were observed in transduction
efficiency among the βSβS and βSβ+ cohorts between GGHI (p = 0.75, n = 4, unpaired
two-tailed t-test) and GGHI-mB-3D (p = 0.74, n = 5, unpaired two-tailed t-test) LVs.

It should be emphasized that our vectors, harboring several erythroid-specific regu-
latory elements, to the best of our knowledge, are the only LCR-free, SIN, and insulated
globin vectors that can be employed to efficiently transduce erythroid progenitor cells
and successfully drive the human γ-globin gene to nearly therapeutic levels in both tha-
lassemic [32,38] and SCD CD34+ cells, as shown in this study. In view of the ongoing
clinical trials for thalassemia and SCD, one of the main strengths of these vectors is their
safety feature, due to their insulation and to the lack of any LCR regulatory elements, which
have been recently shown to be active in early hematopoietic progenitor cells [52], and thus
are capable of trans-activating cancer-related genes, with all the known associated risks for
the patient [36,37,52,53].

In conclusion, despite the significant and potentially therapeutic HbF increase ob-
served in SCD patients with the optimized γ-globin lentiviral vector GGHI-mB-3D, a major
limitation of our strategy, primarily regarding the precise assessment and comparison of
the HbF increase in each patient and among the βSβS and βSβ+ cohorts, is the established
inherent genetic and epigenetic heterogeneity per se of these patients, coupled with the
lack of information regarding important HbF genetic modifiers, such XmnI, HBS1L-MYB,
and BCL11A [54], in the two cohorts. These major SNPs associated with high HbF levels,
account for more than 20% of the HbF level variations among SCD patients [55], and
affect both the severity and the therapeutic outcome in SCD, including patients under HU
treatment [56]. In a recent systematic review by Sales et al. [57], the authors concluded
that genetic variations in multiple loci, such as SNPs located at intron 2 of the BCL11A
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gene, can affect both baseline HbF and HbS levels in response to HU treatment in patients
with SCD. Therefore, information on these SNPs, together with larger patient cohorts of
different ethnic origin, would significantly contribute to a more effective assessment of the
GGHI-mB-3D γ-globin vector in the context of sickle cell disease gene therapy [58].

5. Conclusions

In summary, we show that the optimized LCR-free GGHI-mB-3D lentiviral vector,
which carries novel regulatory elements, can significantly increase the Aγ/α ratio and HbF
in CD34+ cells from SCD patients, an increase accompanied by a concomitant HbS decrease,
demonstrating a potentially therapeutic outcome in vitro. These data suggest that despite
the non-significant differences between the optimized GGHI-mB-3D and GGHI lentiviral
vectors, the former demonstrates an increased potential of improving the SCD phenotype
in vitro, and thus, can eventually provide a significant therapeutic benefit in the context of
future clinical trials for patients with sickle cell disease.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v14122716/s1. Figure S1: (A) Schematic representation of the
experimental procedure. (B) Table showing corresponding titers (TU/mL) of different virus batches
(LOTs) for GGHI (n = 6) and GGHI-mB-3D (n = 5) γ-globin LVs (left panel), and bar chart showing
mean GGHI and GGHI-mB-3D titers (p = 0.902, unpaired two-tailed t-test) (right panel). Figure
S2: (A) Baseline HbF and HbS expression prior to hydroxyurea (HU) treatment in the βSβS (n = 5)
(upper panel), and βSβ+ patient cohort (n = 5) (lower panel). (B) HbS expression prior and post HU
treatment in βSβS and βSβ+ patients. (C) CD235a expression at the end of the in vitro differentiation.
Figure S3: Estimation plots for all comparisons with statistical significance. Figure S4: Performance of
γ-globin LVs at the RNA level: (A) Bar chart showing relative fold difference of γ-mRNA transcripts
in different patients (n = 8). (B) Bar charts showing relative fold difference of γ-mRNA transcripts in
the βSβS patient cohort (n = 4) (left panel) and in the βSβ+ patient cohort (n = 4) (right panel). Figure
S5: Aγ/α ratio fold increase per patient post transduction with GGHI and GGHI-mB-3D LVs and
following normalization to VCN.

Author Contributions: Conceptualization of the project was conducted by E.D. and N.P.A.; Methodology
by E.D., M.G., C.W.L., F.P., E.V., M.K., E.P., D.V. and N.P.A.; Data Curation by E.D. and M.G.; Writing—
Original Draft Preparation was carried out by E.D.; Writing—Review and Editing by E.D., C.W.L. and
N.P.A.; N.P.A. supervised the whole project and carried out the essential Project Administration and
Funding Acquisition. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the European Research Projects on Rare Diseases, E-RARE
2nd Joint Call, Improvements of vector technology and safety for gene therapy of thalassemia (GETH-
ERTHAL), Grant No. 11E-RARE-09-155 from the European Commission to N.P.A.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Bioethics Committee of School of Medicine, National
and Kapodistrian University of Athens, NTUA (protocol code no. 080/2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available on request
from the first author.

Acknowledgments: We would like to thank Luigi Naldini and Giuliana Ferrari for providing the
initial lentiviral plasmids.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ingram, V.M. Gene Mutations in Human Hæmoglobin: The Chemical Difference Between Normal and Sickle Cell Hæmoglobin.

Nature 1957, 180, 326–328. [CrossRef] [PubMed]
2. Driss, A.; Asare, K.O.; Hibbert, J.M.; Gee, B.E.; Adamkiewicz, T.V.; Stiles, J.K. Sickle Cell Disease in the Post Genomic Era: A

Monogenic Disease with a Polygenic Phenotype. Genom. Insights 2009, 2009, 23–48. [CrossRef]
3. Milunsky, A. Sickle Cell Disease. N. Engl. J. Med. 2017, 377, 302–305. [CrossRef]

https://www.mdpi.com/article/10.3390/v14122716/s1
https://www.mdpi.com/article/10.3390/v14122716/s1
http://doi.org/10.1038/180326a0
http://www.ncbi.nlm.nih.gov/pubmed/13464827
http://doi.org/10.4137/GEI.S2626
http://doi.org/10.1056/NEJMc1706325


Viruses 2022, 14, 2716 20 of 22

4. Powars, D.R.; Weiss, J.N.; Chan, L.S.; Schroeder, W.A. Is there a threshold level of fetal hemoglobin that ameliorates morbidity in
sickle cell anemia? Blood 1984, 63, 921–926. [CrossRef] [PubMed]

5. Platt, O.S.; Brambilla, D.J.; Rosse, W.F.; Milner, P.F.; Castro, O.; Steinberg, M.H.; Klug, P.P. Mortality in sickle cell disease—Life
expectancy and risk factors for early death. N. Engl. J. Med. 1994, 330, 1639–1644. [CrossRef] [PubMed]

6. Koshy, M.; Entsuah, R.; Koranda, A.; Kraus, A.P.; Johnson, R.; Bellvue, R.; Flournoy-Gill, Z.; Levy, P. Leg ulcers in patients with
sickle cell disease. Blood 1989, 74, 1403–1408. [CrossRef] [PubMed]

7. Nolan, V.G.; Adewoye, A.; Baldwin, C.; Wang, L.; Ma, Q.; Wyszynski, D.F.; Farrell, J.J.; Sebastiani, P.; Farrer, L.A.; Steinberg, M.H.
Sickle cell leg ulcers: Associations with haemolysis and SNPs in Klotho, TEK and genes of the TGF-beta/BMP pathway. Br. J.
Haematol. 2006, 133, 570–578. [CrossRef]

8. Steinberg, M.H.; Forget, B.G.; Higgs, D.R.; Weatherall, D.J. Disorders of Hemoglobin: Genetics, Pathophysiology and Clinical Manage-
ment; Cambridge University Press: Cambridge, UK, 2009.

9. Bunn, H.F.; Forget, B.G. Hemoglobin-Molecular, Genetic and Clinical Aspects; W. B. Saunders Co.,Ltd.: Philadelphia, PA, USA, 1986;
Volume VII.

10. Steinberg, M.H. Targeting fetal hemoglobin expression to treat β hemoglobinopathies. Expert Opin. Ther. Targets 2022, 26, 347–359.
[CrossRef]

11. Ley, T.J.; DeSimone, J.; Anagnou, N.P.; Keller, G.H.; Humphries, R.K.; Turner, P.H.; Young, N.S.; Heller, P.; Nienhuis, A.W.
5-Azacytidine Selectively Increases γ-Globin Synthesis in a Patient with β+Thalassemia. N. Engl. J. Med. 1982, 307, 1469–1475.
[CrossRef]

12. Charache, S.; Dover, G.; Smith, K.; Talbot, C.C., Jr.; Moyer, M.; Boyer, S. Treatment of sickle cell anemia with 5-azacytidine
results in increased fetal hemoglobin production and is associated with nonrandom hypomethylation of DNA around the
gamma-delta-beta-globin gene complex. Proc. Natl. Acad. Sci. USA 1983, 80, 4842–4846. [CrossRef]

13. Charache, S.; Terrin, M.L.; Moore, R.D.; Dover, G.J.; Barton, F.B.; Eckert, S.V.; McMahon, R.P.; Bonds, D.R. Effect of Hydroxyurea
on the Frequency of Painful Crises in Sickle Cell Anemia. N. Engl. J. Med. 1995, 332, 1317–1322. [CrossRef] [PubMed]

14. Steinberg, M.H.; Barton, F.; Castro, O.; Pegelow, C.H.; Ballas, S.K.; Kutlar, A.; Orringer, E.; Bellevue, R.; Olivieri, N.; Eckman, J.;
et al. Effect of Hydroxyurea on Mortality and Morbidity in Adult Sickle Cell Anemia. JAMA 2003, 289, 1645–1651. [CrossRef]
[PubMed]

15. Steinberg, M.H.; McCarthy, W.F.; Castro, O.; Ballas, S.K.; Armstrong, F.D.; Smith, W.; Ataga, K.; Swerdlow, P.; Kutlar, A.; DeCastro,
L.; et al. The risks and benefits of long-term use of hydroxyurea in sickle cell anemia: A 17.5 year follow-up. Am. J. Hematol. 2010,
85, 403–408. [CrossRef] [PubMed]

16. Olivieri, N.F.; Brittenham, G.M. Management of the Thalassemias. Cold Spring Harb. Perspect. Med. 2013, 3, a011767. [CrossRef]
17. Ribeil, J.-A.; Hacein-Bey-Abina, S.; Payen, E.; Magnani, A.; Semeraro, M.; Magrin, E.; Caccavelli, L.; Neven, B.; Bourget, P.; El

Nemer, W.; et al. Gene Therapy in a Patient with Sickle Cell Disease. N. Engl. J. Med. 2017, 376, 848–855. [CrossRef] [PubMed]
18. Pestina, T.I.; Hargrove, P.W.; Jay, D.; Gray, J.T.; Boyd, K.M.; Persons, D.A. Correction of murine sickle cell disease using

gamma-globin lentiviral vectors to mediate high-level expression of fetal hemoglobin. Mol. Ther. 2009, 17, 245–252. [CrossRef]
19. Levasseur, D.N.; Ryan, T.M.; Pawlik, K.M.; Townes, T.M. Correction of a mouse model of sickle cell disease: Lentiviral/antisickling

beta-globin gene transduction of unmobilized, purified hematopoietic stem cells. Blood 2003, 102, 4312–4319. [CrossRef]
20. Perumbeti, A.; Higashimoto, T.; Urbinati, F.; Franco, R.; Meiselman, H.J.; Witte, D.; Malik, P. A novel human gamma-globin

gene vector for genetic correction of sickle cell anemia in a humanized sickle mouse model: Critical determinants for successful
correction. Blood 2009, 114, 1174–1185. [CrossRef]

21. Tisdale, J.F.; Thein, S.L.; Eaton, W.A. Treating sickle cell anemia. Science 2020, 367, 1198–1199. [CrossRef]
22. Urbinati, F.; Hargrove, P.W.; Geiger, S.; Romero, Z.; Wherley, J.; Kaufman, M.L.; Hollis, R.P.; Chambers, C.B.; Persons, D.A.; Kohn,

D.B.; et al. Potentially therapeutic levels of anti-sickling globin gene expression following lentivirus-mediated gene transfer in
sickle cell disease bone marrow CD34+ cells. Exp. Hematol. 2015, 43, 346–351. [CrossRef]

23. Weber, L.; Poletti, V.; Magrin, E.; Antoniani, C.; Martin, S.; Bayard, C.; Sadek, H.; Felix, T.; Meneghini, V.; Antoniou, M.N.; et al.
An Optimized Lentiviral Vector Efficiently Corrects the Human Sickle Cell Disease Phenotype. Mol. Ther. Methods Clin. Dev. 2018,
10, 268–280. [CrossRef] [PubMed]

24. Breda, L.; Casu, C.; Gardenghi, S.; Bianchi, N.; Cartegni, L.; Narla, M.; Yazdanbakhsh, K.; Musso, M.; Manwani, D.; Little, J.; et al.
Therapeutic hemoglobin levels after gene transfer in beta-thalassemia mice and in hematopoietic cells of beta-thalassemia and
sickle cells disease patients. PLoS ONE 2012, 7, e32345. [CrossRef] [PubMed]

25. Samakoglu, S.; Lisowski, L.; Budak-Alpdogan, T.; Usachenko, Y.; Acuto, S.; Di Marzo, R.; Maggio, A.; Zhu, P.; Tisdale, J.F.; Riviere,
I.; et al. A genetic strategy to treat sickle cell anemia by coregulating globin transgene expression and RNA interference. Nat.
Biotechnol. 2006, 24, 89–94. [CrossRef] [PubMed]

26. Xu, J.; Peng, C.; Sankaran, V.G.; Shao, Z.; Esrick, E.B.; Chong, B.G.; Ippolito, G.C.; Fujiwara, Y.; Ebert, B.L.; Tucker, P.W.;
et al. Correction of sickle cell disease in adult mice by interference with fetal hemoglobin silencing. Science 2011, 334, 993–996.
[CrossRef]

27. Tallack, M.R.; Perkins, A.C. Three fingers on the switch: Kruppel-like factor 1 regulation of gamma-globin to beta-globin gene
switching. Curr. Opin. Hematol. 2013, 20, 193–200. [CrossRef]

28. Sankaran, V.G.; Xu, J.; Ragoczy, T.; Ippolito, G.C.; Walkley, C.R.; Maika, S.D.; Fujiwara, Y.; Ito, M.; Groudine, M.; Bender, M.A.;
et al. Developmental and species-divergent globin switching are driven by BCL11A. Nature 2009, 460, 1093–1097. [CrossRef]

http://doi.org/10.1182/blood.V63.4.921.921
http://www.ncbi.nlm.nih.gov/pubmed/6200161
http://doi.org/10.1056/NEJM199406093302303
http://www.ncbi.nlm.nih.gov/pubmed/7993409
http://doi.org/10.1182/blood.V74.4.1403.1403
http://www.ncbi.nlm.nih.gov/pubmed/2475188
http://doi.org/10.1111/j.1365-2141.2006.06074.x
http://doi.org/10.1080/14728222.2022.2066519
http://doi.org/10.1056/NEJM198212093072401
http://doi.org/10.1073/pnas.80.15.4842
http://doi.org/10.1056/NEJM199505183322001
http://www.ncbi.nlm.nih.gov/pubmed/7715639
http://doi.org/10.1001/jama.289.13.1645
http://www.ncbi.nlm.nih.gov/pubmed/12672732
http://doi.org/10.1002/ajh.21699
http://www.ncbi.nlm.nih.gov/pubmed/20513116
http://doi.org/10.1101/cshperspect.a011767
http://doi.org/10.1056/NEJMoa1609677
http://www.ncbi.nlm.nih.gov/pubmed/28249145
http://doi.org/10.1038/mt.2008.259
http://doi.org/10.1182/blood-2003-04-1251
http://doi.org/10.1182/blood-2009-01-201863
http://doi.org/10.1126/science.aba3827
http://doi.org/10.1016/j.exphem.2015.01.009
http://doi.org/10.1016/j.omtm.2018.07.012
http://www.ncbi.nlm.nih.gov/pubmed/30140714
http://doi.org/10.1371/journal.pone.0032345
http://www.ncbi.nlm.nih.gov/pubmed/22479321
http://doi.org/10.1038/nbt1176
http://www.ncbi.nlm.nih.gov/pubmed/16378095
http://doi.org/10.1126/science.1211053
http://doi.org/10.1097/MOH.0b013e32835f59ba
http://doi.org/10.1038/nature08243


Viruses 2022, 14, 2716 21 of 22

29. Sankaran, V.G.; Menne, T.F.; Scepanovic, D.; Vergilio, J.A.; Ji, P.; Kim, J.; Thiru, P.; Orkin, S.H.; Lander, E.S.; Lodish, H.F.
MicroRNA-15a and -16-1 act via MYB to elevate fetal hemoglobin expression in human trisomy 13. Proc. Natl. Acad. Sci. USA
2011, 108, 1519–1524. [CrossRef]

30. Williams, D.A.; Esrick, E. Investigational curative gene therapy approaches to sickle cell disease. Blood Adv. 2021, 5, 5452.
[CrossRef]

31. Magis, W.; DeWitt, M.A.; Wyman, S.K.; Vu, J.T.; Heo, S.J.; Shao, S.J.; Hennig, F.; Romero, Z.G.; Campo-Fernandez, B.; Said, S.;
et al. High-level correction of the sickle mutation is amplified in vivo during erythroid differentiation. iScience 2022, 25, 104374.
[CrossRef]

32. Papanikolaou, E.; Georgomanoli, M.; Stamateris, E.; Panetsos, F.; Karagiorga, M.; Tsaftaridis, P.; Graphakos, S.; Anagnou, N.P. The
new self-inactivating lentiviral vector for thalassemia gene therapy combining two HPFH activating elements corrects human
thalassemic hematopoietic stem cells. Hum. Gene Ther. 2012, 23, 15–31. [CrossRef]

33. Katsantoni, E.Z.; Langeveld, A.; Wai, A.W.; Drabek, D.; Grosveld, F.; Anagnou, N.P.; Strouboulis, J. Persistent gamma-globin
expression in adult transgenic mice is mediated by HPFH-2, HPFH-3, and HPFH-6 breakpoint sequences. Blood 2003, 102, 3412–3419.
[CrossRef] [PubMed]

34. Fragkos, M.; Anagnou, N.P.; Tubb, J.; Emery, D.W. Use of the hereditary persistence of fetal hemoglobin 2 enhancer to increase the
expression of oncoretrovirus vectors for human gamma-globin. Gene Ther. 2005, 12, 1591–1600. [CrossRef] [PubMed]

35. Li, Q.; Emery, D.W.; Fernandez, M.; Han, H.; Stamatoyannopoulos, G. Development of viral vectors for gene therapy of beta-chain
hemoglobinopathies: Optimization of a gamma-globin gene expression cassette. Blood 1999, 93, 2208–2216. [CrossRef] [PubMed]

36. Cavazzana-Calvo, M.; Payen, E.; Negre, O.; Wang, G.; Hehir, K.; Fusil, F.; Down, J.; Denaro, M.; Brady, T.; Westerman, K.; et al.
Transfusion independence and HMGA2 activation after gene therapy of human beta-thalassaemia. Nature 2010, 467, 318–322.
[CrossRef] [PubMed]

37. Boulad, F.; Maggio, A.; Wang, X.; Moi, P.; Acuto, S.; Kogel, F.; Takpradit, C.; Prockop, S.; Mansilla-Soto, J.; Cabriolu, A.; et al.
Lentiviral globin gene therapy with reduced-intensity conditioning in adults with beta-thalassemia: A phase 1 trial. Nat. Med.
2022, 28, 63–70. [CrossRef] [PubMed]

38. Drakopoulou, E.; Georgomanoli, M.; Lederer, C.W.; Kleanthous, M.; Costa, C.; Bernadin, O.; Cosset, F.L.; Voskaridou, E.;
Verhoeyen, E.; Papanikolaou, E.; et al. A Novel BaEVRless-Pseudotyped gamma-Globin Lentiviral Vector Drives High and Stable
Fetal Hemoglobin Expression and Improves Thalassemic Erythropoiesis In Vitro. Hum. Gene Ther. 2019, 30, 601–617. [CrossRef]
[PubMed]

39. Elder, J.T.; Forrester, W.C.; Thompson, C.; Mager, D.; Henthorn, P.; Peretz, M.; Papayannopoulou, T.; Groudine, M. Translocation of an
erythroid-specific hypersensitive site in deletion-type hereditary persistence of fetal hemoglobin. Mol. Cell. Biol. 1990, 10, 1382–1389.
[CrossRef]

40. Tuan, D.; Feingold, E.; Newman, M.; Weissman, S.M.; Forget, B.G. Different 3’ end points of deletions causing delta beta-
thalassemia and hereditary persistence of fetal hemoglobin: Implications for the control of gamma-globin gene expression in man.
Proc. Natl. Acad. Sci. USA 1983, 80, 6937–6941. [CrossRef]

41. Frecha, C.; Costa, C.; Negre, D.; Amirache, F.; Trono, D.; Rio, P.; Bueren, J.; Cosset, F.L.; Verhoeyen, E. A novel lentiviral vector
targets gene transfer into human hematopoietic stem cells in marrow from patients with bone marrow failure syndrome and
in vivo in humanized mice. Blood 2012, 119, 1139–1150. [CrossRef]

42. Girard-Gagnepain, A.; Amirache, F.; Costa, C.; Levy, C.; Frecha, C.; Fusil, F.; Negre, D.; Lavillette, D.; Cosset, F.L.; Verhoeyen, E.
Baboon envelope pseudotyped LVs outperform VSV-G-LVs for gene transfer into early-cytokine-stimulated and resting HSCs.
Blood 2014, 124, 1221–1231. [CrossRef]

43. Dull, T.; Zufferey, R.; Kelly, M.; Mandel, R.J.; Nguyen, M.; Trono, D.; Naldini, L. A third-generation lentivirus vector with a
conditional packaging system. J. Virol. 1998, 72, 8463–8471. [CrossRef] [PubMed]

44. Zufferey, R.; Dull, T.; Mandel, R.J.; Bukovsky, A.; Quiroz, D.; Naldini, L.; Trono, D. Self-inactivating lentivirus vector for safe and
efficient in vivo gene delivery. J. Virol. 1998, 72, 9873–9880. [CrossRef] [PubMed]

45. Papanikolaou, E.; Kontostathi, G.; Drakopoulou, E.; Georgomanoli, M.; Stamateris, E.; Vougas, K.; Vlahou, A.; Maloy, A.; Ware, M.;
Anagnou, N.P. Characterization and comparative performance of lentiviral vector preparations concentrated by either one-step
ultrafiltration or ultracentrifugation. Virus Res. 2013, 175, 1–11. [CrossRef] [PubMed]

46. Loucari, C.C.; Patsali, P.; van Dijk, T.B.; Stephanou, C.; Papasavva, P.; Zanti, M.; Kurita, R.; Nakamura, Y.; Christou, S.; Sitarou, M.;
et al. Rapid and Sensitive Assessment of Globin Chains for Gene and Cell Therapy of Hemoglobinopathies. Hum. Gene Ther.
Methods 2018, 29, 60–74. [CrossRef] [PubMed]

47. Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [CrossRef]
[PubMed]

48. Lisowski, L.; Sadelain, M. Locus control region elements HS1 and HS4 enhance the therapeutic efficacy of globin gene transfer in
beta-thalassemic mice. Blood 2007, 110, 4175–4178. [CrossRef] [PubMed]

49. Fujita, A.; Uchida, N.; Haro-Mora, J.J.; Winkler, T.; Tisdale, J. beta-Globin-Expressing Definitive Erythroid Progenitor Cells
Generated from Embryonic and Induced Pluripotent Stem Cell-Derived Sacs. Stem Cells 2016, 34, 1541–1552. [CrossRef] [PubMed]

50. Mahajan, M.C.; Karmakar, S.; Newburger, P.E.; Krause, D.S.; Weissman, S.M. Dynamics of alpha-globin locus chromatin structure
and gene expression during erythroid differentiation of human CD34(+) cells in culture. Exp. Hematol. 2009, 37, 1143–1156.e3.
[CrossRef]

http://doi.org/10.1073/pnas.1018384108
http://doi.org/10.1182/bloodadvances.2021005567
http://doi.org/10.1016/j.isci.2022.104374
http://doi.org/10.1089/hum.2011.048
http://doi.org/10.1182/blood-2003-05-1681
http://www.ncbi.nlm.nih.gov/pubmed/12855570
http://doi.org/10.1038/sj.gt.3302566
http://www.ncbi.nlm.nih.gov/pubmed/15944728
http://doi.org/10.1182/blood.V93.7.2208
http://www.ncbi.nlm.nih.gov/pubmed/10090929
http://doi.org/10.1038/nature09328
http://www.ncbi.nlm.nih.gov/pubmed/20844535
http://doi.org/10.1038/s41591-021-01554-9
http://www.ncbi.nlm.nih.gov/pubmed/34980909
http://doi.org/10.1089/hum.2018.022
http://www.ncbi.nlm.nih.gov/pubmed/30324804
http://doi.org/10.1128/mcb.10.4.1382-1389.1990
http://doi.org/10.1073/pnas.80.22.6937
http://doi.org/10.1182/blood-2011-04-346619
http://doi.org/10.1182/blood-2014-02-558163
http://doi.org/10.1128/JVI.72.11.8463-8471.1998
http://www.ncbi.nlm.nih.gov/pubmed/9765382
http://doi.org/10.1128/JVI.72.12.9873-9880.1998
http://www.ncbi.nlm.nih.gov/pubmed/9811723
http://doi.org/10.1016/j.virusres.2013.03.015
http://www.ncbi.nlm.nih.gov/pubmed/23583684
http://doi.org/10.1089/hgtb.2017.190
http://www.ncbi.nlm.nih.gov/pubmed/29325430
http://doi.org/10.1093/nar/29.9.e45
http://www.ncbi.nlm.nih.gov/pubmed/11328886
http://doi.org/10.1182/blood-2007-08-108647
http://www.ncbi.nlm.nih.gov/pubmed/17921347
http://doi.org/10.1002/stem.2335
http://www.ncbi.nlm.nih.gov/pubmed/26866725
http://doi.org/10.1016/j.exphem.2009.07.001


Viruses 2022, 14, 2716 22 of 22

51. Kanter, J.; Walters, M.C.; Krishnamurti, L.; Mapara, M.Y.; Kwiatkowski, J.L.; Rifkin-Zenenberg, S.; Aygun, B.; Kasow, K.A.; Pierciey,
F.J., Jr.; Bonner, M.; et al. Biologic and Clinical Efficacy of LentiGlobin for Sickle Cell Disease. N. Engl. J. Med. 2022, 386, 617–628.
[CrossRef]

52. Cabriolu, A.; Odak, A.; Zamparo, L.; Yuan, H.; Leslie, C.S.; Sadelain, M. Globin vector regulatory elements are active in early
hematopoietic progenitor cells. Mol. Ther. 2022, 30, 2199–2209. [CrossRef]

53. Goyal, S.; Tisdale, J.; Schmidt, M.; Kanter, J.; Jaroscak, J.; Whitney, D.; Bitter, H.; Gregory, P.D.; Parsons, G.; Foos, M.; et al. Acute
Myeloid Leukemia Case after Gene Therapy for Sickle Cell Disease. N. Engl. J. Med. 2022, 386, 138–147. [CrossRef] [PubMed]

54. Lettre, G.; Sankaran, V.G.; Bezerra, M.A.; Araujo, A.S.; Uda, M.; Sanna, S.; Cao, A.; Schlessinger, D.; Costa, F.F.; Hirschhorn, J.N.;
et al. DNA polymorphisms at the BCL11A, HBS1L-MYB, and beta-globin loci associate with fetal hemoglobin levels and pain
crises in sickle cell disease. Proc. Natl. Acad. Sci. USA 2008, 105, 11869–11874. [CrossRef] [PubMed]

55. Galarneau, G.; Palmer, C.D.; Sankaran, V.G.; Orkin, S.H.; Hirschhorn, J.N.; Lettre, G. Fine-mapping at three loci known to affect
fetal hemoglobin levels explains additional genetic variation. Nat. Genet. 2010, 42, 1049–1051. [CrossRef] [PubMed]

56. Menzel, S.; Thein, S.L. Genetic Modifiers of Fetal Haemoglobin in Sickle Cell Disease. Mol. Diagn. Ther. 2019, 23, 235–244.
[CrossRef]

57. Sales, R.R.; Nogueira, B.L.; Tosatti, J.A.G.; Gomes, K.B.; Luizon, M.R. Do Genetic Polymorphisms Affect Fetal Hemoglobin (HbF)
Levels in Patients With Sickle Cell Anemia Treated With Hydroxyurea? A Systematic Review and Pathway Analysis. Front.
Pharmacol. 2021, 12, 779497. [CrossRef]

58. Iolascon, A.; Rivella, S.; Anagnou, N.P.; Camaschella, C.; Swinkels, D.; Muckenthaler, M.U.; Porto, G.; Barcellini, W.; Andolfo, I.;
Risitano, A.M.; et al. The EHA Research Roadmap: Anemias. Hemasphere 2021, 5, e607. [CrossRef]

http://doi.org/10.1056/NEJMoa2117175
http://doi.org/10.1016/j.ymthe.2022.02.028
http://doi.org/10.1056/NEJMoa2109167
http://www.ncbi.nlm.nih.gov/pubmed/34898140
http://doi.org/10.1073/pnas.0804799105
http://www.ncbi.nlm.nih.gov/pubmed/18667698
http://doi.org/10.1038/ng.707
http://www.ncbi.nlm.nih.gov/pubmed/21057501
http://doi.org/10.1007/s40291-018-0370-8
http://doi.org/10.3389/fphar.2021.779497
http://doi.org/10.1097/HS9.0000000000000607

	Introduction 
	Materials and Methods 
	Virus Production and Titration 
	Human CD34+ Stem Cell Isolation and Transduction: Sample Collection and Processing 
	Reversed-Phase High-Performance Liquid Chromatography (RP-HPLC) Analysis for Globin Chain A/ Ratio Quantitation 
	Hemoglobin Electrophoresis and Cation Exchange HPLC (CE-HPLC) for HbF and HbS Quantitation 
	RNA Analysis and Measurement of -Globin Transcript Levels Using Quantitative Real-Time PCR 
	Flow Cytometry 
	Determination of Vector Copy Number and Transduction Efficiency 
	Statistical Analysis 

	Results 
	GGHI and GGHI-mB-3D LVs Exhibit High Titers 
	Increased A/ Chain Ratio in SCD CD34+ Cells following Transduction with GGHI-mB-3D Lentiviral Vector 
	Increased Percentage of F-Cells following Transduction with GGHI-mB-3D Lentiviral Vector 
	Improvement in the SCD CD34+ Cell Phenotype In Vitro following Transduction with GGHI-mB-3D Lentiviral Vector 
	Gene Transfer Efficiency and Vector Copy Number in Transduced BFUe from SCD Patients 
	-Globin mRNA Analysis Using Quantitative Real-Time PCR 

	Discussion 
	Conclusions 
	References

